Endohedral metallofullerenes, a novel form of carbon-related nanomaterials, currently attract wide attention for their potential applications in biomedical fields such as therapeutic medicine. Most endohedral metallofullerenes are synthesized using C 60 or higher molecular weight fullerenes because of the limited interior volume of fullerene. It is known that the encapsulated metal atom has strong electronic interactions with the carbon cage in metallofullerenes. Gd@C 82 is one of the most important molecules in the metallofullerene family, known as Magnetic Resonance Imaging (MRI) contrast agent candidate for diagnostic imaging. Gadolinium endohedral metallofullerenol (e.g., Gd@C 82 (OH) 22 ) is a functionalized fullerene with gadolinium trapped inside carbon cage. Our group previously demonstrated that the distinctive chemical and physical properties of Gd@C 82 (OH) 22 are dependent on the number and position of the hydroxyl groups on the fullerene cage. The present article summarizes our latest findings of biomedical effects of Gd@C 82 (OH) 22 and gives rise to a connected flow of the existing knowledge and information from experts in the field. It briefly narrates the synthesis and physico-chemical properties of Gd@C 82 (OH) 22 . The polyhydroxylated nanoparticles exhibit the enhanced water solubility and high purity, and were tested as a MRI contrast agent. Gd@C 82 (OH) 22 treatment inhibited tumor growth in tumor-bearing nude mice. Although the precise mechanisms of this action are not well defined, our in vitro data suggest involvements of improved immunity and antioxidation by Gd@C 82 (OH) 22 and its size-based selective targeting to tumor site. The review critically analyzed the relevant data instead of fact-listing, and explained the potential for developing Gd@C 82 (OH) 22 into a diagnostic or therapeutic agent.
INTRODUCTION
Fullerene is a class of sphere-shaped molecule made exclusively of carbon atoms. 1 Due to the unique structures and properties, fullerenes exhibit various activities and hence have attracted considerable attention in recent years. 2 3 Because its nanoscale carbon-cage can be easily modified with various given chemical groups for desired biomedical functions, biomedical applications have been proposed. [4] [5] [6] Among all the spherical fullerene variants, the C 60 variant and its derivatives have been widely studied. Furthermore, metallofullerenes, the complexes of metalcontaining fullerenes, are also very important fullerene variants. Endohedral metallofullerenes, encapsulated metal atom inside fullerene, offer a bright prospect for medicine and pharmaceutics in that they present a unique motif with * Author to whom correspondence should be addressed.
"super chelation" due to entrapment of metal ions in the fullerene interior space.
Gd@C 82 (OH) 22 is a new type of metallofullerenol molecule, and has great potential for medicine and biopharmaceutics based on the recent studies conducted by our group. Our studies indicated that Gd@C 82 (OH) 22 treatment could specifically inhibit the tumor growth in vivo due to reduction in tumor-induced oxidative stress rather than direct cytotoxicity to tumor cells. Gd@C 82 (OH) 22 exhibits distinctive biomedical properties, which is characterized by inhibiting the growth of abnormal or cancer cells in pathological condition. Based on the unique physico-chemical characteristic and exclusive biological behaviors of metallofullerene, it illustrates the potential to employ Gd@C 82 (OH) 22 as the diagnostic or therapeutic medicine for the promising medical applications in this study. 22 NANOPARTICLES
CHARACTERIZATION OF Gd@C 82 (OH)
Carbon fullerenes represent a third allotrope of carbon different from both diamond and graphite in their physical and chemical properties. 4 Among the fullerenes, C 60 has been extensively studied for its properties because of its high purity and relatively large quantities. However, the poor water solubility has severely limited its potential for medical and biological applications. To enhance solubility of C 60 , several approaches have been employed including modification of the fullerenes with watersoluble substituents, 7 hydrophilic groups 8 9 etc. Recently, Akiyama et al. reported that block copolymer micelles as soluble agents could improve the stability of unmodified C 60 nanoparticles. 10 The properties of fullerenol molecules are dependent largely on the structures and number of their outer modified groups. 11 12 Gd@C 82 becomes water-soluble after polyhydroxylation through attachment of functional groups such as polyhydroxy to the cage surface of fullerenes. The resulting Gd@C 82 (OH) x created by our group does not physically exist as a single molecule or molecular ion but congregates into nanoparticles through molecular interactions. These nanoparticles consist of tens of molecules including magnetic cores (i.e., Gd) and closed carbon nanosheaths with surface modifications of hydroxyl groups (OH). Furthermore, the outer surface of the nanoparticles is usually embraced with water molecules through hydrogen bonds, which allow the nanoparticles to show good biocompatibility in vivo. 13 Miyamoto et al. attached as many as 40 hydroxyl groups to fullerene sheath. 14 Colvin et al. found that the bioactivities of fullerene derivatives could be altered largely with different outer modified groups. 15 The findings indicate that a precise number of hydroxyl groups are vitally critical for biomedical properties and water solubility of metallofullerenes.
Gd@C 82 (OH) 22 is a novel metallofullerenol with 22 hydroxyl groups synthesized by our group. The size of a single Gd@C 82 (OH) 22 molecule is less than 2 nm, and the average size of the aggregated particles in saline solution was determined to be 22.0 nm. [Gd@C 82 (OH) 22 ] n (the aggregated Gd@C 82 (OH) 22 ) has very good solubility in pure water, physiological saline buffer and cell culture medium. This property provides [Gd@C 82 (OH) 22 ] n with possibility to be used in medicine and pharmaceutics. The Gd@C 82 was originally prepared by arcboring composite rods consisting of Gd 2 O 3 and graphite in the He atmosphere. The Gd@C 82 was purified by a two-step high performance liquid chromatography (HPLC) technique in conjunction with 5PBB pre-column and Buckyprep column, respectively. Purity of the Gd@C 82 product was greater than 99.5%, measured by mass spectrometry. Gd@C 82 (OH) x was achieved by an alkaline reaction (See Scheme 1). To obtain Gd@C 82 (OH) x in a narrow distribution region based on the hydroxyl number, the eluting fraction was collected in a time interval for only several minutes by HPLC. The molecular weight was determined by elemental analysis method, MALDI-TOF-MS technique and X-ray photoemission spectroscopy (XPS) measurement. The hydroxyl number of Gd@C 82 (OH) x was finally determined to be 22 ± 2. The Gd@C 82 (OH) 22 powder was dried and accurately weighed before use. The Gd@C 82 (OH) 22 powder can be dissolved in 0.9% sterile saline solution for further antitumor experiments.
Gadolinium Endohedralfullerene-Based Contrast Agents and Radiotracers
Molecular imaging is a new frontier for diagnostic medicine and nanosystemic pharmaceutics. [16] [17] [18] Magnetic Resonance Imaging (MRI) as a noninvasive and convenient imaging technique has been widely used in clinical diagnosis. During the last 20 years, superparamagnetic particles were evaluated as contrast agents for imaging anatomy and function of organs and tissues in clinical studies in term of the ability to efficiently reduce the nuclear spin relaxation time of water protons. 19 20 Endohedral metallofullerenes, as the new member of the fullerene family, have great potential to be applied as radiopharmaceuticals, 21 MRI contrast agents. [22] [23] [24] Recently, the application of water-soluble gadoliniumcontaining endohedral fullerenes as MRI contrast agents has been extensively investigated, [24] [25] [26] [27] [28] [29] because they have many attractive properties, such as the high proton relaxivity and low toxicity which is expected due to the toxic heavy Gd 3+ ion being protected by the biocompatible carbon cage. Furthermore, metallofullerenes can be modified by various functional groups to endow some new properties, such as Diels-Alder reaction, [30] [31] [32] Bingel reactions, 27 33 Prato reactions. [34] [35] [36] [37] Therefore, the watersoluble gadolinium-containing endohedral fullerenes are expected to be the promising next-generation of MRI contrast agents. The polyhydroxylated gadolinium metallofullerenols, Gd@C 82 (OH) x , have been studied as high efficient contrast agents for MRI, 38 and the size of Gd@C 82 (OH) x aggregated in aqueous solution is closely related to their high efficiency as a MRI agent. 39 
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Scheme 1. The proposed formation and structures of Gd, Gd@C 82 , Gd@C 82 (OH) 22 .
Anticancer Activity of Gd@C 82 (OH) 22 Nanoparticles
The fullerenes have the ability to photosensitize transition of molecular oxygen to highly reactive oxygen species (ROS). This special property makes them to be used as promising candidates for the photodynamic killing of cancer cells. The attractive advantage of this therapeutic approach is effective selectivity; tumor-specific photosensitizing agents can be activated by a highly focused light beam, and delivered to tumor region at the surface of the body or to internal tumors using optical fibers. [40] [41] [42] Up to the present, there are many studies demonstrating the efficient photodynamic action of various water-soluble C 60 derivatives against different types of cultured cancer cells (cervical, larynx, lung and colon carcinoma) and malignant tumors in vivo. 43 The observed anticancer mechanism of fullerene derivatives was largely dependent on the generation of ROS, such as singlet oxygen and superoxide anion. [44] [45] [46] The antitumor activity of water-soluble fullerene derivatives involves the induction of the "programmed" cell death, known as apoptosis. 44 45 The molecular mechanism is related with activation of the caspase enzyme family and fragmentation of DNA, followed by recognition and removal of apoptotic cells by phagocytes in the absence of inflammation. 47 Furthermore, there might also include other mechanisms such as ROS-dependent anticancer activity. It was reported that polyhydroxylated fullerene was able to suppress proliferation and induce apoptosis of tumor cells in presence of photosensitization and ROS production. 48 49 On the other hand, as a valid therapeutic strategy, tumor-selective delivery could transport drug molecules through abnormal endothelial pores inside tumor vasculature. 50 The size of fullerene (less than the pores) makes it a potential candidate for anticancer agent and/or drug carrier. 51 However, it is still not well understood of the exact mechanism of fullerene in anticancer therapy and other biomedical applications.
The antineoplastic activity of [Gd@C 82 (OH) 22 ] n has been investigated by our group for many years. Our results showed that [Gd@C 82 (OH) 22 ] n exhibit a very high antineoplastic efficiency (∼60%) in mice, nearly without toxicity in vivo and in vitro. Unlike conventional antineoplastic chemicals such as CTX (cyclophosphamide) and cisplatin, the high antitumor efficiency of nanoparticles is not due to toxic effects to cells because they do not kill the tumor cells directly, therefore, [Gd@C 82 (OH) 22 ] n particles do not cause adverse effects on important organs in vivo. Instead, the antitumor efficacy of [Gd@C 82 (OH) 22 ] n can be attributed to the improved immunity, high antioxidation, and/or size-based selective penetration of [Gd@C 82 (OH) 22 ] n particles into tumor cells. It is known that tumor vasculature is 'leaky' and characterized by much larger endothelial pores in comparison with that of normal tissues. A tumor-selective delivery of the anticancer drug molecules represents a valid therapeutic strategy. 41 50 
Immunomodulation of
Gd@C 82 (OH) 22 Nanoparticles
The evidences showed that ROS status plays a very important role in the development of many human diseases, such as stroke, trauma, neurodegenerative disorders and cancer. 52 Different fullerenes and derivatives have different effect on ROS production. For example, sulfobytylated C 60 could down-regulate ROS production and have the biological effect of neuroprotection; 53 C 60 -porphyrin could improve the ROS production in cancer cell cultured in vitro, Increased ROS induced cancer cell death. 44 Our studies indicate that [Gd@C 82 (OH) 22 ] n nanoparticle could also regulate ROS production in vivo. MDA (malondialdehyde) is a biomarker of lipid peroxidation which indicates the level of cell damage. In comparison with the control group treated by saline, administration of [Gd@C 82 (OH) 22 ] n to mice decreased the MDA level. The decreased MDA level was parallel to the reduction of free radicals after treatment with [Gd@C 82 (OH) 22 ] n nanoparticles. In addition, the activities of antioxidative enzymes, GSH-Px, CAT and SOD et al., were upregulated with treatment of [Gd@C 82 (OH) 22 ] n nanoparticles compared to that of saline group. All these results indicate the direct inhibition by [Gd@C 82 (OH) 22 ] n on ROS production. Many researchers demonstrated that carboxy-fullerenes could disturb cellular activities in different cell types such as neuronal cells, 54 hepatoma cells, 55 human peripheral blood mononuclear cells 56 or epithelial cells. 57 58 It is possible for [Gd@C 82 (OH) 22 ] n nanoparticles to act as a regulator to keep the balance between oxidative and antioxidative systems in tumor-bearing mice.
In addition to the crucial role in cell death/survival, ROS are the key effectors in signal transduction in various cell types, not only in those involved in immunomodulation against microbes and tumor cells, but also in selftissue destruction in chronic inflammatory disorders such as autoimmunity and allergy. 59 ROS-dependent intracellular signaling appears to be mediated mainly by activation of the mitogen-activated protein kinase cascade and transcription factor NF-B. 60 Due to the importance of these signaling pathways in activation of macrophages, lymphocytes and other immune cells, 60 61 fullerene-based agents as ROS-modulator are potential candidates for developing new therapies to modulate immunity in chronic inflammatory conditions such as infection and cancer. 62 Fullerenes were also known to modulate immune effect by interfering with cytokines such as tumor necrosis factor (TNF)-. TNF is an important cytokine that suppresses carcinogenesis and excludes infectious pathogens to maintain homeostasis. The cytotoxic effect of TNFdepends on its ability to trigger ROS production in target cells. 63 64 It has been demonstrated that malonic acid C 60 derivatives can protect human peripheral blood mononuclear cells from oxidative stress-dependent apoptosis induced by combination of TNF and cycloheximide. 56 However, the effects of other fullerene derivatives on TNFinduced cell death have not been investigated to date. Harhaji et al. 65 suggested that nanocrystalline and polyhydroxylated fullerenes modulated differently the TNF toxicity to L929 mouse fibrosarcoma cell line, which is widely used as a model system for exploring TNFinduced cell death. These findings are relevant to fullerenes as possible anticancer or cytoprotective therapeutics. Furthermore, fullerene mediated protection might be useful in preventing TNF-mediated tissue damage in TNFused clinical therapy or various inflammatory/autoimmune conditions.
In our study, we found that [Gd@C 82 (OH) 22 ] n significantly improved immunomodulation and interfered with tumor invasion, probably, by a ROS-dependent mechanism. The enhanced immunity can induce lymphocyte proliferation and neutrophil migration into tumor tissue. We analyzed and compared the immune related gene expression patterns of breast cancer cell line MCF-7 treated with or without [Gd@C 82 (OH) 22 ] n using spotted cDNA microarrays. The results showed that treatment of MCF-7 cell line with [Gd@C 82 (OH) 22 ] n significantly upregulated those genes closely related to immunoregulation. For instance, the activity of IL20 and IL7R genes were increased by 10.4 and 11.6 folds, respectively, after the [Gd@C 82 (OH) 22 ] n treatment (Table I) . IL-20 belongs to the IL-10 family and plays a role in skin inflammation and the development of hematopoietic cells. It is a pleiotropic cytokine with potent inflammatory, angiogenic, and chemoattractive characteristics. 66 IL-7 receptor signaling is a participant in the formation of the transcription factor network during B lymphopoiesis by up-regulating EBF, allowing stage transition from the pre-pro-B to further maturational stages. So the results indicated that [Gd@C 82 (OH) 22 ] n could affect on the immune system by modulating the cytokines expression. 22 ] n shows ability to modulate the immune system, further studies are needed to clarify the mechanisms.
Cytotoxicity of Gd@C 82 (OH) 22 Nanoparticles
Although fullerene C 60 was thought to be relatively inactive, several researchers have demonstrated that aggregated fullerene C 60 has a negative effect on animals, organs, and microorganisms. [67] [68] [69] [70] Zhu et al. found that fullerene C 60 in solution could lead two aquatic species, daphnia and fathead minnow, to die. 67 Oberdorster reported that uncoated fullerenes can cause oxidative damage and depletion of total glutathione (GSH) level in vivo. 51 Fortner et al. illustrated the inhibitory growth and aerobic respiration rates in prokaryotic species under exposure to nano-C 60 at relatively low concentrations. 71 The cytotoxicity of fullerene C 60 was also investigated in mammalian cells. For example, Isakovic et al. reported that fullerene C 60 suspension was at least three-fold more toxic than water-soluble polyhydroxylated fullerene on mouse L929 fibrosarcoma, rat C 6 glioma, and U251 human glioma cell lines. 48 72 However, Jia et al. observed no significant toxicity for fullerene C 60 up to 226 g/ml in alveolar macrophage cells. Han et al. measured the cytotoxicity of fullerene nanoparticles on two mammalian cell lines, Chinese hamster ovary (CHO) cells and MadinDarby canine kidney (MDCK) cells. Their results indicated that the cell mortality was increased with higher fullerene concentration and longer incubation time. 73 In addition, dispersion stability is another important issue in toxicological studies of fullerene. For the interaction of C 60 nanoparticles with biological molecules, dispersion stability could be different in physiological environments compared to that in model systems. [74] [75] [76] When the dispersion stability of C 60 nanoparticles was measured in physiological conditions, Deguchi et al. found that the human serum albumin (HSA) molecules could attach on the surfaces of C 60 nanoparticles, thereby forming a protective layer to prevent coagulation. This mechanism is helpful to explore the interaction between living cells and fullerene nanoparticles. [77] [78] [79] As mentioned above, there is current controversy on the toxicity of C 60 fullerene. Compared to other fullerenes, [Gd@C 82 (OH) 22 ] n is interesting because the [Gd@C 82 (OH) 22 ] n particles seem to be nontoxic to tumor cell proliferation in vitro. The effect of [Gd@C 82 (OH) 22 ] n on tumor cell growth was investigated in MCF-7 cells. After 3 days exposure of MCF-7 cells to 100 M of [Gd@C 82 (OH) 22 ] n , the total cell number was lower in the [Gd@C 82 (OH) 22 ] n treated cells than the untreated control. However, there were less than 5% dead cells in the [Gd@C 82 (OH) 22 ] n treated cells measured by the trypan blue exclusion assay (Fig. 1) . This observation implies that [Gd@C 82 (OH) 22 ] n is likely to inhibit the tumor cells not by direct cytotoxicity, rather by other indirect mechanisms such as cell cycle extension and/or metabolism reduction.
CONCLUSIONS AND PERSPECTIVES
Many steps have been taken forward since the early biological experiments concerning C 60 or other fullerenes. The research in this field is very active and new discoveries are expected to occur at any time soon. The research results demonstrate that fullerenes and fullerenes derivatives have great potential for a wide variety of biological applications including anticancer treatment and photodynamic therapy. Considering the unique structures and properties of fullerenes that are in fact unequalled in nature, the biomedical applications of each and every fullerene need to be individually exploited.
Endohedral metallofullerene have core metal surrounded by carbon cage, so they have some distinct characteristics and applications compared with C 60 fullerene derivatives, such as contrast agents; and the mechanisms of their anti-tumor activity have also different because of their structural, electronic and solid state properties differences. As a new type of metallofullerene with high antineoplastic activity, [Gd@C 82 (OH) 22 ] n displays very attractive properties for medical and biopharmaceutical applications. 80 [Gd@C 82 (OH) 22 ] n nanoparticles are soluble in aquatic system with very low toxicity compared to traditional fullerenes such as C 60 . The anticancer outcome of the [Gd@C 82 (OH) 22 ] n nanoparticles is significant in tumorbearing mice. The results indicate that [Gd@C 82 (OH) 22 ] n is a potential and promising candidate for tumor treatment and deserves further pharmaceutical development. 81 However, additional studies need to be conducted to exploit the mechanisms of actions of [Gd@C 82 (OH) 22 ] n .
